ABSTRACT The nonnative brown marmorated stink bug, Halyomorpha halys Stål (Hemiptera: Pentatomidae), has become an abundant pest of mid-Atlantic soybean since its introduction in the mid-1990s. Currently, there is little information indicating how this new pest should be managed in soybean or if economic thresholds developed for native stink bugs should be adjusted. In 2010 and 2011, Þeld cage studies were conducted in Beltsville, MD, and Suffolk, VA, to evaluate H. halys injury to three different soybean reproductive development stages. Cages were infested for 2 wk using densities of zero, one, two, four, or eight stink bugs (Þfth instars and adults) per 0.3 row-m. Cage plots were harvested, and subsamples were taken to determine pod losses and seed quality. Feeding injury to soybean caused by H. halys was similar to that of native stink bugs, as evidenced by seed destruction, punctures, and destroyed pods. Densities of four stink bugs per 0.3 row-m resulted in signiÞcant seed damage in three of four experiments. The full ßowering (R2) soybean development stage was least affected by H. halys feeding. The full pod (R4) and the full seed (R6) stage were similarly sensitive to injury. There was no signiÞcant yield loss was associated with stink bug densities at either location, although there were signiÞcant differences among stages in two of four experiments. The data do not indicate that threshold densities for H. halys should be different than for the native stink bugs.
The brown marmorated stink bug, Halyomorpha halys Stål (Hemiptera: Pentatomidae), an Asian stink bug, was introduced near Allentown, PA, around 1996 (Hoebeke and Carter 2003) . Since its introduction, it has been detected in 38 states (Leskey et al. 2012 ) and has the potential to establish itself across much of the midwest, southeast, and northeastern United States (Zhu et al. 2012 ). This insect is an important pest of many crops, including orchard fruit (apples (Malus domestica Borkh), peaches (Prunus persica (L.) Batsch), etc.) small fruit (grapes (Vitus sp.) and berries), Þeld crops (corn (Zea mays L.), and soybean (Glycine max L. Merr.)), and vegetables (Leskey et al. 2012) . In some Mid-Atlantic states, H. halys populations now dominate the stink bug species complex in soybean (Nielsen and Hamilton 2009) .
Stink bugs will insert their stylets into all aboveground soybean tissues, but preferentially feed on pods (McPherson and McPherson 2000) . Stylet insertion initially destroys cells upon penetration. Salivary enzymes then spread from the initial site, destroying cell walls and dissolving proteins (Depieri and Panizzi 2011) . Internally injured areas have a white, chalky appearance, and are externally identiÞable by a dark, often sunken, spot (Miner 1966) . Stink bug feeding on developing seeds can destroy the seed, resulting in unÞlled pods, or result in shriveled and wrinkled seed coats that may be fused to the cotyledon (Corrê aÐ Ferreira and de Azevedo 2002, Miner 1966) . Seed price discounts are assessed for seed having 2% or more stink bug damage (Musser et al. 2011) .
Few authors have reported stink bug species differences in terms of feeding injury on Þeld crops in the United States. The brown stink bug, Euschistus servus Say (Hemiptera: Pentatomidae), causes more damage to cotton than E. quadrator Rolston (Hemiptera: Pentatomidae) (Hopkins et al. 2009 ). In the southeastern United States, where Nezara viridula L. (Hemiptera: Pentatomidae) is present in soybean Þelds, Miner (1966) concluded that E. servus did not injure soybean seeds as severely as Chinavia hilaris Say (formerly Acrosternum hilare) or N. viridula, yet in other studies, N. viridula was the most damaging species, E. servus the second most, and C. hilaris the least damaging, depending on soybean variety (McPherson et al. 1979) . The soybean economic threshold of one stink bug per 0.3 row-m combine all three species into a stink bug complex or use the same threshold level for each individual species (Herbert 2009 ). However, this threshold is based on native stink bug injury potential to full-season soybean Þelds planted before June and often with a maturity group (MG) Þve or higher variety. Application of the threshold to invasive species may be inappropriate. For example, in Louisiana, thresholds for the introduced redbanded stink bug, Piezodorus guildinii Westwood, are lower than for the other species because of severity of its feeding injury (LSU AgCenter 2011). Double-crop soybean Þelds, planted in mid-late June after small-grain harvest, constitute almost half of the soybean area grown in Virginia (United States Department of Agriculture: National Agriculture Statistics Service [USDA/NASS] 2011). These Þelds often encounter much higher stink bug populations in the fall, which is also when double-crop soybean plants are producing pods and seed (Herbert and Toews 2011) . Currently, in the mid-Atlantic United States, H. halys is often more abundant in soybean than the native stink bugs (Nielsen et al. 2011) . The objective of this study was to address the direct impact of H. halys feeding on soybean plants at the full ßower (R2), full pod (R4), and full seed (R6) soybean reproductive development stages (Fehr et al. 1971 ).
Materials and Methods
Suffolk, VA. After wheat harvest at the Virginia Tech Tidewater Agricultural Research and Education Center in Suffolk, VA, ÔAsgrowÕ brand cultivar 5605, a determinate MG 5.6 soybean variety, was planted at a rate of 10 seeds per 0.3 m on 0.91 m row centers on 15 June 2010 and 2011. In 2011, plots were thinned to seven plants per 0.3 row-m because of uneven plant stands. Field cages 2 by 2 by 2 m (length-widthheight) enclosing four row-m were placed in the Þeld at soybean development stages R4 and R6 using a split plot design. Although not recorded, plants would have transitioned to the beginning seed (R5) stage during the infestation period, as there are usually only about 8 d in between R4 and R5 for double-crop soybean (Holshouser 2010) . There are Ϸ17 d between R6 and R7 (Holshouser 2010) , so some plants may have started the transition to R7. Cages were made of nylon mesh material to allow for light penetration, air, and rainfall entry, but prevented stink bugs from escaping. They were supported by an aluminum conduit frame and a zipper on one side allowed for easy access. The perimeter of the cages was buried 0.3 m deep to provide stability and to prevent stink bugs from escaping. Soybean development stage was the main plot factor and stink bug density was the subplot factor. Sweep sampling of the Þeld indicated very low densities of resident native stink bugs, and no insecticides were applied because the residuals could have affected released stink bugs. Cages were infested with densities of zero, one, two, and four Þfth instar H. halys per 0.3 row-m that were collected from soybean Þelds and small vegetable plots by sweep net, transported to the experimental sites, and after being held for 4 to 6 h, live active bugs were introduced into cages. All treatments were replicated four times. In 2011, a density of eight bugs per 0.3 row-m was added to the treatment list, and replication was increased to six. Mostly late instars were collected because of limited availability of only Þfth instars, and in a few cases, nymphs molted to the adult stage soon after being introduced into Þeld cages as in 2010. Late instars were preferred to standardize insect age as much as possible, and adult H. halys begin to seek out overwintering sites early in the fall. After a 2-wk infestation period, stink bugs were eliminated by spraying plots with methyl parathion (Methyl 4 EC, Cheminova Inc., Wayne, NJ) at a rate of 0.56 kg (active ingredient [AI] )/ha in 2010 and a tank mix of methyl parathion and bifenthrin (Brigade, FMC Corporation, Philadelphia, PA) at a rate of 0.56 and 0.11 kg (AI)/ha, respectively, in 2011. Cages were removed once it had been determined that there were no surviving stink bugs. Two additional sprays of ␤-cyßuthrin (Baythroid XL, Bayer Crop Sciences, Research Triangle Park, NC) and acephate (Orthene 97, AMVAC Chemical Corporation, Los Angeles, CA) were applied at rates of 0.03 and 0.55 kg (AI)/ha, respectively, to Þeld plots 2 and 4 wk after cage removal to prevent reinfestation by resident stink bugs.
When all plots were ready to harvest, Þve consecutive plants were removed from each cage plot, and the number of normal and ßat pods that did not contain seed was tallied; normal pods were hand shelled in the laboratory to obtain seed quality data. Seeds were visually examined for evidence of stink bug punctures (discolored spots with injury), diseases (including molds and purple stain), and seed coat deformations (including shriveled, crinkled, and immature seeds). Remaining seeds were categorized as normal seed. A 0.3 by 1 m area of ground surface from each cage plot was examined for shed pods in 2010 only. Plants remaining in the cage plots were then removed and threshed with a Wintersteiger Nursery Master Elite thresher (Wintersteiger AG, Ried, Austria) to determine cage plot soybean yield. Yields were determined from the adjusted dry seed weight and subsamples combined in 2010 and 2011. In 2011, a 200-seed subsample from the Þve plant sample was used to obtain pod and seed quality data.
Beltsville, MD. A similar cage study was conducted at the Central Maryland Research and Education Center in Beltsville, MD. Asgrow brand cultivar 4404, an indeterminate MG 4.4 variety, was planted on 1 July 2010 at a rate of four seeds per 0.3 row-m and on 22 June 2011 at a rate of 8.6 plants per 0.3 row-m. Rows were spaced 0.76 m apart. Cages measuring 2 by 4 by 2 m (length-width-height) enclosing 6.1 row-m and made of the same material as the Suffolk cages were erected in a split-plot experimental design at soybean development stages R2 (full ßower) (Fehr et al. 1971) and R4 in 2010 and at development stages R4 and R6 in 2011. Cages were infested with Þeld-collected Þfth instar H. halys for 2 wk in 2010 using densities of zero, one, two, and four stink bugs per 0.3 row-m in 2010, and in 2011 with zero, two, four, and eight Þfth instar and adult stink bugs. Treatments were replicated four times. After cages were removed, plots were sprayed three times with lambda-cyhalothrin (Warrior II, Syngenta Crop Protection, Inc., Greensboro, NC) at a rate of 0.03 kg (AI)/ha in 2010. In 2011, stink bugs were manually removed, and plants were monitored con-tinuously to conÞrm no infestation by resident stink bug species. All plots were harvested with a Swanson small plot thresher (Swanson Machine Co, Champaign, IL) on 3 November 2010 and 16 October 2011. In 2010, a Þve plant sample was removed to collect seed and pod data. In 2011, a Þve plant sample was used to collect pod data while seed data were taken from a 200-seed sample.
Data Analysis. Punctured, shriveled, and wrinkled seed were combined into a single injured seed percentage category because stink bug injury to seed may result in these types of seed damage, depending on how early the seed was fed on. Flat pods and aborted pods were also combined into a destroyed pod percentage category. Models were chosen for analysis based on the distribution of the data (Littell et al. 2006) . When the residuals of data were normally distributed, a general linear mixed model (PROC MIXED, SAS Institute Inc. 2008) was chosen because it was much less restrictive than a generalized linear mixed model (PROC GLIMMIX, SAS Institute Inc. 2008). Locations and years were analyzed separately. In 2010 and 2011, data from the split-plot designed cage studies from each location were analyzed using PROC MIXED in SAS with soybean development stage as the main plot and stink bug density as the subplot factors. Degrees of freedom were estimated using the KenwoodÐRogers method (Littell et al. 2006) . Injured seed percentage data from the 2010 Maryland site were arc sine square root transformed. At the 2010 Maryland site, data were nonnormal and PROC GLIMMIX was used for analysis. The data were best Þt with a Poisson distribution with an overdispersion parameter to minimize the conditional Pearson residual (Littell et al. 2006) . Yield data from the other sites were normally distributed, and the simpler linear mixed model (PROC MIXED) was preferred.
Results

2010.
All soybean plants from Virginia had a high percentage of injured seed (47.5% in control cages). Injured seed percentage was not associated with either H. halys density or soybean phenology (Table 1) . The only signiÞcant stink bug density ϫ soybean development stages interaction was with the pod destruction variable (F ϭ 6.68; df ϭ 3, 21; P ϭ 0.002). The most pods (21.3%) were destroyed in the R4-initiated cages with the high four stink bugs per 0.3 row-m density (Table 2) . Five-plant sample seed weight and seed number were not inßuenced by either H. halys density (F ϭ 2.21, df ϭ 3, 18, P ϭ 0.122; F ϭ 1.28, df ϭ 3, 7.44, P ϭ 0.350) or soybean development stage (F ϭ Soybean was infested using Þeld cages at the R4 and R6 development stage for 2 wk in 2010. Raw data are reported. Means followed by different letters within columns and treatment are signiÞcantly different (TukeyÐKramer HSD; P Ͻ 0.05). a Interaction between soybean development stages and stink bug density signiÞcant. Means and means separation are reported in Table 2 . Mean ϩ SEM for each caged density per development stage effect on the percentage of destroyed pods are reported per location.
Means followed by a different letter are signiÞcantly different (TukeyÐKramer HSD; P Ͻ 0.05).
2.96, df ϭ 1, 6, P ϭ 0.136; F ϭ 0.87, df ϭ 1, 12.2, P ϭ 0.369; Table 1 ). Virginia yield was unaffected by either stink bug density (F ϭ 1.57, df ϭ 3, 21, P ϭ 0.227) or soybean development stage (F ϭ 1.14, df ϭ 1, 21, P ϭ 0.298; Table 1 ). Interactions between stink bug density ϫ soybean development stages for percentage of injured seed, Þve plant sample seed weight and seed number, and plot yield were not signiÞcant (F ϭ 1.82, df ϭ 3, 21, P ϭ 0.175; F ϭ 1.12, df ϭ 3, 18, P ϭ 0.368; F ϭ 0.41, df ϭ 3, 7.44, P ϭ 0.751; F ϭ 0.66, df ϭ 3, 21, P ϭ 0.584).
At the Maryland site, where cage infestations were initiated at earlier soybean reproductive development stages, overall density of four bugs per 0.3 row-m resulted in an increase in percentage of injured seed (F ϭ 6.77, df ϭ 3, 6.53, P ϭ 0.020; Table 1 ). This was most pronounced in the R4-initiated cages, which exhibited Þve times more seed injury overall than the R2-caged soybean (F ϭ 67.46, df ϭ 1, 9.22, P Ͻ 0.001; Table 1 ). Cages infested with four bugs per 0.3 row-m had 2.7 times more seed damage than control cages (F ϭ 7.05; df ϭ 3, 6.55; P ϭ 0.018). The stink bug density ϫ soybean development stages interaction was signiÞcant for the destroyed pod percentage only (F ϭ 3.86; df ϭ 3, 18; P ϭ 0.027); means from nonsigniÞcant interactions are not reported. R4 stage soybean had higher pod destruction compared with the R2-initiated cages (Table 2 ). Cages infested with four bugs per 0.3 row-m had a corresponding 27% decrease in Þve-plant sample seed weight (F ϭ 4.47; df ϭ 3, 76.5; P ϭ 0.042). R4 stage soybean had lower sample seed weight than R2 (F ϭ 30.97; df ϭ 1, 11.6; P Ͻ 0.001) although seed number from the sample was not affected by stink bug density (F ϭ 1.77, df ϭ 3, 51, P ϭ 0.1957; Table 1 ). Maryland yield was not affected by stink bug density, but yields from the R4-initiated cages were 36% lower than in R2-initiated cages (F ϭ 22.63, df ϭ 1, 5.55, P ϭ 0.004; Table 1 ). Interactions at the Maryland site between stink bug density and soybean development stages for percentage of injured seed, Þve plant sample weight and seed number, and plot yield were not signiÞcant (F ϭ 1.76, df ϭ 3, 6.55, P ϭ 0.264; F ϭ 0.55, df ϭ 3, 7.65, P ϭ 0.661; F ϭ 0.09, df ϭ 3, 15.1, P ϭ 0.964; F ϭ 1.04, df ϭ 3, 17.46, P ϭ 0.398).
2011.
The only signiÞcant stink bug density ϫ soybean development stages interactions were with destroyed pod percentage and seed sample weight from the Virginia (F ϭ 5.28, df ϭ 4, 42.1, P ϭ 0.002; F ϭ 3.21, df ϭ 4,42.1, P ϭ 0.022) and Maryland sites (F ϭ 3.81, df ϭ 3, 18, P ϭ 0.028; F ϭ 4.90, df ϭ 3, 17.8, P ϭ 0.012; Table 3 ). In Virginia, the highest stink bug densities were associated with signiÞcant increased ßat pod percentages only in the R4-initiated cages (Table 3) . There was also a visually observed maturity delay associated with the four and eight bugs per 0.3 row-m densities in Virginia, with plants retaining green leaves and stems longer than in lower density plots, but this was not quantiÞed. At Maryland, R6-initiated cages had signiÞcantly higher ßat pod percentages than the R4-initiated cages, regardless of stink bug density (Table 3). Stink bug density ϫ soybean development stage interactions for percent injured seed, Þve-plant sample weight, and cage yield were not signiÞcant at Virginia (F ϭ 0.84, df ϭ 4, 20.7, P ϭ 0.514; F ϭ 1.84, df ϭ 4, 40, P ϭ 0.140; F ϭ 0.73, df ϭ 4, 50, P ϭ 0.574) or Maryland (F ϭ 1.28, df ϭ 3, 21, P ϭ 0.307; F ϭ 2.33, df ϭ 3, 24, P ϭ 0.100; F ϭ 0.10, df ϭ 3, 21, P ϭ 0.956). Seed damage was greatest in R4-initiated cages from Maryland (F ϭ 5.13; df ϭ 1, 21; P ϭ 0.034). Stink bugs from cages containing densities greater than four bugs per 0.3 row-m exhibited an increase of injured seed 1.6 and 1.9 times that of the control at both the Virginia and Maryland sites, respectively (F ϭ 8.02, df ϭ 4, 20.7, P ϭ 0.001; F ϭ 5.13, df ϭ 3, 21, P ϭ 0.005, Table 4 ). Eight stink bugs per 0.3 row-m decreased subsample seed weight by 12% only in the R4-initiated cages in Virginia (F ϭ 3.20, df ϭ 4, 42.1, P ϭ 0.022; Table 3 ). However, seed weight was less overall in samples from the R6-initiated cages (F ϭ 18.50, df ϭ 1, 9.92, P ϭ 0.001; Table 4 ). Yields from the Virginia cages were affected neither by stink bug density (F ϭ 0.84; df ϭ 4, 50; P ϭ 0.505) density nor soybean development stage (F ϭ 0.01, df ϭ 1, 50, P ϭ 0.922; Table 4 ). At Maryland, stink bug densities did not result in a deÞnitive subsample seed weight loss, despite the signiÞcant interaction (F ϭ 4.90; df ϭ 3, 17.8; P ϭ 0.012). The Maryland R6-initiated caged soybean yield was 11.3% lower than R4. Whole cage soybean yield was Mean ϩ SEM for each caged density per development stage effect on the percentage of destroyed pods and sample seed wt are reported per location.
Means followed by a different letter are signiÞcantly different (TukeyÐKramer HSD; P Ͻ0.05).
11% lower in the Maryland R6-initiated cages (F ϭ 16.99, df ϭ 1, 21, P ϭ 0.001; Table 4 ).
Discussion
H. halys densities of four stink bugs per 0.3 row-m resulted in increased seed damage in three of four experiments. In addition to stink bugs, seed damage can result from diseases and adverse environmental conditions during reproductive stages. In Virginia 2010, there was a high level of damaged seed from control cages and stink bug infested cages. Other stressors besides stink bugs may be responsible for this, such as dry weather during pod set and excessive moisture near harvest maturity. Stressors early in the reproductive stages may affect determinate soybeans more severely as soybean do not continue to produce pods throughout the reproductive phase, as in indeterminate varieties. However, this study did not examine stink bug injury differences according to soybean growth habit. Soybean development stages were not inßuenced equally by stink bug feeding. At the 2010 Maryland site, R2-initiated cages lost fewer pods, had less seed damage, and had a higher yield than R4-initiated cages. The R4-caged soybeans had higher levels of seed damage than R2-initiated cages, and in one out of three experiments comparing R4 and R6-initiated infestations. Stink bugs are suspected to feed in different locations of soybean plants, depending on their growth habit. Russin et al. (1987) noted that stink bugs prefer to feed on the upper halves of determinate soybean plants until overcrowding occurs, while Todd and Turnipseed (1974) noted in experiments with indeterminate soybean that stink bugs progressively move up the plant to feed as the plants mature.
Native stink bug population densities of one bug per 0.3 row-m, if untreated, cause signiÞcant seed damage and yield loss (McPherson et al. 1993 ). This density can also result in delayed plant maturity as soybeans attempt to compensate for seed and pod loss (Russin et al. 1987) , especially at the R3ÐR5 development stages of both determinate and indeterminate varieties (Daugherty et al. 1964 , Todd and Turnipseed 1974 , Boethel et al. 2000 . Soybean from Virginia 2011 R4-initiated cages infested with four and eight bugs per 0.3 row-m for 2 wk exhibited some maturity delay. Although this effect was only observed at the one location, it is evidence that H. halys is capable of stressing soybean enough to delay maturity. A previous cage study performed in Maryland comparing H. halys and C. hilaris-induced soybean injury found no signiÞcant differences between species on the percentage of injured seeds or yield (Owens 2012) . Simmons and Yeargan (1990) cautioned that Þeld cage studies may underestimate insect pest injury to soybean seed and yield, and it is possible that Þeld populations of stink bugs may cause more damage to soybean than the cage data indicated here. It is also important to note that seed discounts for damage other than typical stink bug punctures are discounted more severely, even though stink bugs can cause shriveled and deformed seeds.
R2-caged soybean had low levels of seed injury and higher yield than R4-caged soybean at Maryland in 2010. Native species also do not cause seed quality or yield losses when they feed on plants at before pod formation (Boethel et al. 2000) , but can reduce yield once pod production begins and plants transition to the R3 stage (Young et al. 2008) . Stink bug abundances in R2ÐR3 stage soybean are usually very low, as little migration into Þelds occurs until the soybean plants are in the R3ÐR4 development stages (Nielsen et al. 2011) . Data were averaged for both R4 and R6 development stages and for bug densities. Means followed by different letters within columns and treatments are signiÞcantly different (TukeyÐKramer HSD; P Ͻ 0.05). a Interaction between soybean development stages and stink bug density signiÞcant. Means and means separation are reported in Table 4 . b 200 seed samples taken from the Þve plant sample to obtain injured seed data.
Stink bugs increased seed injury in the R4-initiated cages in two of the four study sites. Pod destruction increased signiÞcantly between R2 and R4-initiated cages, possibly because of cage induced stress as stink bug densities did not signiÞcantly impact the percentage of destroyed pods. Native stink bug populations infesting R4-stage soybean also cause signiÞcant seed damage (McPherson et al. 1979) . Yield was signiÞ-cantly reduced in the R4-initiated cages in the Maryland 2010 experiment, but in the Maryland 2011 experiment, soybean yield was higher in the R4-initiated cages compared with the R6-initiated cages. There were no signiÞcant differences between yields from R4 and R6-initaited cages from Virginia. It is possible that soybean plants compensated for seed damage in the R4-initiated cages by increasing the size of unaffected seeds (Russin et al. 1987) , resulting in equivalent yields to the R6-initiated cages.
Pod loss at the R6 stage was only affected by the eight bugs per 0.3 row-m density in Maryland 2011. The R6-initiated cages had less seed damage than the R4-initiated cages in one of three experiments, but were equivalent in the others. Infestations of C. hilaris lasting for 2 wk at population densities greater than three bugs per 0.3 row-m are capable of causing signiÞcant seed injury at the R6 development stage (Young et al. 2008) . Other studies have shown significant seed quality and yield loss during the R5ÐR6 development stages (McPherson et al. 1979) . Yield was lower in the Maryland 2011 R6-initiated cages, but no difference was observed at the two Virginia sites with R6-initiated cages. Native stink bug infestations at the R6 development stage do not always result in signiÞcant yield loss (Young et al. 2008) . As soybeans continue to mature and transition to the R7 development stage, they become less susceptible to stink bug feeding injury and yield loss (McPherson et al. 1979 , Musser et al. 2011 . It is possible that environmental conditions that favor quicker soybean development may be partly responsible for inconsistent stink bug injury to R6 stage soybean.
In summary, H. halys causes similar types of injury to soybean reproductive structures and yield loss compared with published studies of native species. Seed damage and pod loss occurred most severely at the R4 stage, during which time soybean scouting should be intensiÞed. Because of the limitations of this study, a conservative approach would be to treat this stink bug as causing equivalent soybean injury as the other species when scouting.
